Correct calculation of the variation of free energy upon base flipping is crucial in understanding the dynamics of DNA systems. The free energy landscape along the flipping pathway gives the thermodynamic stability and the flexibility of base-paired states. Although numerous free energy simulations are performed in the base flipping cases, no theoretically rigorous nonequilibrium techniques are devised and employed to investigate the thermodynamics of base flipping. In the current work, we report a general nonequilibrium stratification scheme for the efficient calculation of the free energy landscape of base flipping in DNA duplex. We carefully monitor the convergence behavior of the equilibrium sampling based free energy simulation and the nonequilibrium stratification and determine the empirical length of time blocks required for converged sampling. Comparison between the performances of the equilibrium umbrella sampling and the nonequilibrium stratification is given. The results show that nonequilibrium free energy simulation achieves similar accuracy and efficiency compared with the equilibrium enhanced sampling technique in the base flipping cases. We further test a convergence criterion we previously proposed and it comes out that the convergence determined by this criterion agrees with those given by the time-invariant behavior of PMF and the nonlinear dependence of standard deviation on the sample size.
Introduction
Understanding the fundamental driving force of conformational changes in DNA systems are of great importance due to the unique functionality of DNA molecules. Duplex, triplex and various other conformations are observed in DNA systems. [1] [2] [3] [4] [5] The information carried by DNA systems is mostly buried in the hydrophobic core of the helix and the phenomenon called base flipping enables the interaction between external agents and the bases. Base flipping is widely observed in DNA methylation, [6] [7] [8] [9] melting, [10] [11] [12] [13] [14] [15] [16] bubbling, [17] [18] breathing, [19] [20] [21] and protein-DNA interaction. 22 The experimental community remains very active on base flipping. 23 For instance, the protonation-dependent base flipping is observed in RNA systems recently. 24 The protonation-induced conformational change includes the transformation from the unpaired GA mismatch to the paired G-HA + base pair. Advanced experimental techniques such as hydrogen exchange (HX) experiments with UV spectrum or nuclear magnetic resonance (NMR) for detection 25 and formaldehyde kinetics 15 are widely employed. From the experimental data, the major features of the physical systems are extracted and theoretical models are devised. In the early stage of theoretical investigations, the models are mostly extended Ising models. The double rod-like model is one of the extended Ising models proposed. [26] [27] The helix-coil transition model originally applied to helix formation in protein folding 16, 28 is altered to study the thermodynamics of DNA duplex. [15] [16] 29 The Peyrad-Bishop-Dauxois (PBD) mesoscopic model uses the hydrogen bond interactions in base pairs and the stacking interactions between neighboring bases to describe the potential energy function and other factors such as the DNA-solvent interactions are included implicitly in the two terms in parameterization. [30] [31] [32] The
reaction coordinate. The SMD method biases the simulation by driving the system along the CV space with a pre-defined time-dependent harmonic potential according to the schedule 0  . 81 The harmonic potential is defined as (1) , where h is the harmonic potential, q represents the coordinate vector, k denotes the force constant of the harmonic potential, 0
 represents the time-dependent CV defining the configurational pathway, and  refers to the current value of CV. As the harmonic restraint cannot fix the value of CV to a specific point, often the non-fixed behavior needs to be considered in nonequilibrium reweighting. However, in the stiff spring limit, the distribution of CV under restraints is extremely narrow and the need to add such a correction vanishes. [82] [83] [84] Three systems are tested and we use one of them as an example to make the description of the method clearly.
The first test system is the model poly A7-T7 DNA duplex and the flipping base is the middle A4 group. The slow structural observable used to investigate the base flipping process is the pseudo-dihedral defined by four centers of mass (COM). As is shown at the center of Fig.1 , the pseudo-dihedral is defined by the flipping base of A4, the sugar moiety of A4, the sugar moiety of A5 (the 3' side of A4) and the base pair of A5-T10. An illustration of the base flipping process is also given in Fig.1 .
As the whole pulling process from 0° to 360° is quite long for a single run, the pulling speed must be extremely slow to reduce dissipation and narrow the distribution of nonequilibrium work. Therefore, to reduce dissipation the staging regime, the stratification of the nonequilibrium pulling, should be applied. The whole process is divided into a series of small segments and the nonequilibrium pulling are performed between neighboring states. As the stiff string limit is achieved, we define the conformational state by the value of CV with 2° increments. This setting in dihedral pulling is employed in our previous works and satisfactory results can be obtained. [85] [86] As a result, there are 180 conformational states in total, as is shown in Fig. 1 . According to the closure of the thermodynamic cycle shown in Fig. 1 , the conformational states at 0° and 360° are exactly the same and thus their free energies are equal.
In Fig. 1 , bidirectional arrows are used to represent both the bidirectional pulling between neighboring conformational states ( increasing and  decreasing) and the bidirectional reweighting procedure used to recover the unbiased free energy differences. The dimensionless free energy difference between two neighboring states is obtained from the asymptotically unbiased and statistically optimal estimator of CE defined in Eq. (2) and the corresponding variance is defined in Eq. (3), 78 , 87-88 
. As nonequilibrium reweighting estimators require the initial configurations to be extracted from equilibrium ensembles, short initial configurational sampling in the equilibrium ensemble is needed. As the free energy estimator requires statistically independent samples as the input data, the autocorrelation time of the CV (the flipping dihedral)     (5) . As the free energy landscape only depicts the variation of free energy along CVs, only the free energy differences between different states are meaningful. Therefore, we can define a reference state with a free energy of zero. Here we set the conformational state at 0° as the reference state 1. The free energies of the other states (e.g. state k ) can be obtained by accumulating the free energy differences of multiple segments, namely 
. For the periodic dihedral CV, we employ periodic imaging to ensure the closure of the thermodynamic cycle in conformational pulling from 0° to 360°. The round-trip error (
) is equally distributed along the whole free energy profile. With such setting, the free energy at 0° is exactly the same with that at 360°. We note that in our previous studies and the current work, the round-trip error is very small (about 0.1 kcal/mol). 85 This small size of cycle closure error indicates well-converged sampling in the nonequilibrium ensemble. The curve or surface plotted from the free energy differences is the free energy profile or the free energy landscape of base flipping.
In our previous work, we proposed a new convergence criterion for bidirectional nonequilibrium pulling. If the state-specified SD is obviously smaller than the phase space overlap, the convergence behavior is good. 86 The overlap scalar 88 can be computed from the variance of free energy difference,
. Here the equal sample size rule is used and the sample size ij n n n . 43 Then we can write our criterion as ij ij O   (9) . Note that in the above equation all quantities are dimensionless. We will discuss the validity of this criterion in the current nonequilibrium stratification in the base flipping case.
A Brief review of the equilibrium umbrella sampling technique and reweighting schemes. The equilibrium umbrella sampling adds biasing potentials (often harmonic) to enhance the sampling in specific regions of the CV space. 89 The definition of the biasing potential is similar to Eq. (1), and the difference is that the center of the biasing potential 0  is no longer a function of time but remains constant during the simulation. The statistics obtained from the biased ensemble are often reweighted with maximum likelihood estimators such as WHAM [69] [70] and vFEP 71 to construct the free energy landscape. These two reweighting estimators often give similar results and the vFEP result is smoother due to the interpolation procedure employed to smooth the free energy profile.
Computational Details
System preparation.
The test system used to illustrate the applicability of our nonequilibrium stratification method is the model A7-T7
DNA duplex. The A7-T7 duplex is built with the NAB 90 program and the system is described with the OL15 [39] [40] [41] combination of modifications of AMBER force field. The system is solvated in TIP3P [91] [92] water molecules in a truncated octahedral box replicated in the whole space with periodic boundary conditions. Sodium ions parameterized for the TIP3P water model are added for neutralization. [93] [94] The minimum distance between any atoms originally present in solute and the edge of the periodic box is set to be 12 Å, and the resulted number of water molecules is 3275.
Another example of the A9-T9 duplex is constructed in the same way and the number of water molecules is 4561. We also simulate the A7-T7 system described with the bsc1 38 force field to illustrate the applicability of the nonequilibrium method when coupled with different force fields. The bsc1 force field is another modification of the AMBER force field published recently. Its accuracy is similar to the OL15 modifications. Its older version of bsc0 37 is also tested.
MD simulation.
Firstly, we perform umbrella sampling to get the reference PMF. The umbrella windows are equally spaced from 0° to 360 ° with 5° increments and the force constant of 100 kcal/mol· rad 2 is used to ensure phase space overlap and enhance the sampling efficiency. This 5° increments' spacing regime is widely used in base flipping studies. [49] [50] 56 In each umbrella window, we perform 5000 cycles energy-minimization, 100 ps NVT heating from 0 K to 300 K, and 1 ns NPT equilibration before production runs. Then we perform 8 ns production sampling with the sampling interval of 2 ps. The quality of window spacing is checked with the overlap matrix, 95 which is a quantitative estimator of phase space overlap. For reliable reweighting with perturbation based estimators, the main diagonal and its neighbors in the matrix should be appreciably larger than 0.03. 95 In our case, the matrix is given in Fig. S1 , from which satisfactory overlap can be seen. The A9-T9 duplex and the A7-T7 case with the bsc1 force field or the bsc0 force field are simulated longer until the convergence is reached.
Then we start our nonequilibrium stratification procedure. The segments are equally spaced from 0° to 360 ° with 2° increments and the large force constant of 2000 kcal/mol· rad 2 is used in nonequilibrium pulling and initial configuration sampling in order to achieve the stiff spring limit. In the initial configurational sampling procedure, in each configurational state, we perform 5000 cycles energy-minimization with steepest descent algorithm. The system is gradually heated from 0 K to 300 K in an NVT ensemble over a period of 100 ps, after which 2 ns NPT equilibration is performed. The initial configuration sampling is performed with the sampling interval of 2 ps. From our previous experience, the autocorrelation of the flipping dihedral (the CV used to describe the base flipping) typically decays to zero at this time. We calculate the statistical inefficiency and then subsample independent configurations to ensure that all initial configurations are uncorrelated. 95 The nonequilibrium trajectories are then initiated from these uncorrelated configurations. For convergence check on the pulling speeds in nonequilibrium pulling, we tested a series of pulling speeds including 0.1 ps per 2° segment, 0.5 ps/segment, 1 ps/segment and 2
ps/segment.
In all simulations, the SHAKE 96 algorithm is applied to perform bond length constraints for bonds involving hydrogen atoms in all molecules. 97 Langevin dynamics 98 with the collision frequency of 5 ps -1 are implemented for temperature regulation. Isotropic position scaling along with Berendsen barostat is employed to regulate the pressure.
The time step used is 1 fs. A cutoff of 10 angstroms for non-bonded interactions in the real space is applied and long-range electrostatics are treated with the PME method. 99 MD simulations are performed with the AMBER 100 suite and all other analyses are performed with homemade codes.
Result and discussion 1. The A7-T7 duplex.
The minimum sampling time for converged PMF estimation from equilibrium umbrella sampling in base flipping. The first question we need to answer is the minimum length of sampling time required for convergence.
Firstly, we check the results of equilibrium umbrella sampling to provide a reference free energy profile for later comparison with the results obtained from nonequilibrium stratification.
The block averaging method is often used to check the convergence of sampling in PMF construction. The question that how many samples are required for convergence or how long the simulation should be for converged sampling in base flipping simulations remains unanswered. The simulation time in convergence check differs among existing publications. For instance, some researchers just check the time-dependence of PMF for blocks of several hundred ps length, 50, 59 while others tend to simulate at least several ns in each time block. 49, 56 When there are minor differences between blocks, the convergence is reached. In the current model poly A-T system, we revisit the length of block issue and emphasize the importance of the size of each block.
The free energy profiles obtained from different time blocks are presented in Fig. 2 . We use 0.4 ns, 1 ns and 2 ns time blocks as these are the typical lengths of time blocks used in base flipping studies. The reason we compare the vFEP free energy curves is that vFEP uses cubic spline fitting and the free energy profiles are very smooth and easy to compare. In Fig. 2a , we show the free energy profiles calculated from 0.4 ns time blocks. We notice that the results from different 0.4 ns blocks show significant differences. The differences exist mostly in the flipping-out region. The height of the free energy barrier varies from 17.6 kcal/mol to 23.0 kcal/mol. Such a significant difference in free energy barrier (about 5 kcal/mol) is much larger than the thermal energy kBT, and thus the sampling cannot be converged. By contrast, the inner base-paired state is relatively well-sampled. The curvatures of free energy profiles calculated from different time blocks are very similar in this region. When we lengthen the time blocks to 1 ns, as is shown in Fig. 2b , we notice that most curves overlap in both the base-paired region and the flipping-out region,
although there are still two curves deviating from the other. The PMF from the first 1 ns sampling is obviously higher others and the 3-4 ns one is significantly lower than the other. The PMFs computed from the other 6 time blocks are almost identical. The reason for the deviation in the first 1 ns could be the nonequilibrium condition, while the 3-4 ns deviation should be caused by the non-ergodicity in the block, as all its neighbors are equilibrated. When the time blocks are further lengthened to 2 ns, as is shown in Fig. 2c , we notice that the free energy profiles obtained from all time blocks are quite similar. Here as we are comparing the efficiencies of the equilibrium umbrella sampling and the nonequilibrium stratification, we should neither underestimate the performance of the equilibrium umbrella sampling nor exaggerate the performance of the nonequilibrium method. Therefore, according to the above observation, we define 1 ns as the minimum length of time blocks for convergence. In practical use, to ensure the ergodicity, we recommend 2 ns time blocks for the reliable estimation of the convergence behavior of the free energy profile in base flipping simulations.
As the vFEP PMF is smoothed by curve fitting, some details of the curve are missing or weakened. As in our nonequilibrium scheme we do not perform curve fitting and these details are reproduced, we then check the WHAM PMFs in Fig. 2d . We notice that the WHAM PMFs computed from different 1 ns blocks are also similar. Thus, in WHAM PMF construction we also use the 1 ns sampling time as the minimum length of time blocks for convergence.
Estimation of free energy landscape along the base flipping pathway from nonequilibrium stratification.
We then turn to the multi-stage nonequilibrium method proposed in the current work. Firstly, we check the statistical inefficiency in the initial configurational sampling in equilibrium states. As is shown in Fig. 3a, , eq i  are of similar values and minor statistical noises exist. As the sampling interval we use is 2 ps, the statistical inefficiency cannot be smaller than this value. We have tested smaller sampling intervals and the autocorrelation time of the flipping dihedral is similar. Therefore, we conclude that the typical sampling time required for each independent configuration in the base flipping simulation is 2 ps. We note that if a different force constant is used, the relaxation time may change. Therefore, the relaxation time in umbrella sampling differs from that in initial configurational sampling, but we expect the deviation to be small.
Then we check the convergence of PMF on the pulling speed. The PMFs obtained with pulling speeds of 0.5 ps per 2° segment, 1 ps/segment and 2 ps/segment are shown in Fig. 3b , from which we notice that the pulling speed of 0.5 ps/segment is slow enough for converged PMF constructions. Therefore, in the following parts, we use the results obtained with this pulling speed as the results from nonequilibrium stratification.
As in the initial configurational sampling of the nonequilibrium free energy simulation, the system needs to be well-equilibrated and the statistical inefficiency in Fig. 3a is small enough, here we just need to check the ergodicity of the sampling. Namely, only the sample size dependence of the free energy landscape is needed to be checked. The
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sample size dependence of the free energy landscape constructed with CE is given in Fig. 3c . The initial sample size is 5 and in each iteration 5 samples are added to the dataset. We notice that in the first several iterations there are still small changes in the free energy landscape. After 5 iterations, the PMF keeps unchanged and thus is fully converged.
Therefore, the sample size (or the length of time block) required for convergence in nonequilibrium stratification is 25.
Checking the time-dependence of the standard deviation (SD) in each state is also useful to determine convergence. According to Eq. (3), when the sample size grows with the sampling time, the SD should decrease monotonically. Whether the 1 i n  dependence is strictly followed can be used as a criterion for convergence. If everything is estimated unbiasedly, the convergence is reached. In the current base flipping case, the state-specified Therefore, according to the behavior of the SD profile, we can also determine the sample size required for convergence as 25.
Another interesting phenomenon should be discussed is the relative size of the phase space overlap and the state-specified SD. In our previous work on multi-dimensional nonequilibrium pulling, we pointed out that when the SD is smaller than the overlap scalar, the convergence behavior should be very well, and when SD is of similar size of overlap scalar, the convergence is acceptable. 86 In the current nonequilibrium stratification in the base flipping process, we also check whether this criterion is satisfied. As is shown in Fig. 4 , with 5 samples the SD profile is of similar size with the overlap profile, and statistically significant noises are observed. When the sample size becomes 25 and 100, the SDs are much smaller than the overlap scalars, which is consistent with our previous discussion about the sample size required for convergence. Therefore, the Practically, we recommend using all of the 3 criteria to check the convergence of nonequilibrium stratification.
The first one is the time-invariant behavior of free energy landscapes. The second one is the 1 n  dependence of state-specified SD and the monotonically decreasing behavior. The third one is the
Comparison between equilibrium umbrella sampling and nonequilibrium stratification. The free energy landscapes constructed from equilibrium umbrella sampling with WHAM and vFEP reweighting are compared with that obtained from our nonequilibrium stratification scheme in Fig. 5 . From this plot, we notice that vFEP smooths out some details in the PMF while WHAM remains them. The PMF from nonequilibrium stratification agrees well with
the WHAM PMF and the vFEP PMF. This agreement supports the applicability of nonequilibrium stratification on the construction of free energy profiles in base flipping.
Then we calculate the computational costs of the two enhanced sampling techniques and compare their efficiencies in the PMF construction along the base flipping pathway. According to our previous discussion, the sampling time required for convergence in equilibrium sampling is 1 ns in each umbrella window. According to the previous estimation of the typical autocorrelation time of the flipping dihedral, there are about 500 independent data points in each 1 ns sampling. In each 0.4 ns block, there are about 200 independent samples and such sample size seems a bit small for converged sampling in base flipping. There are 72 umbrella windows in total. Thus, the sampling time in equilibrium umbrella sampling is 72 ns. The nonequilibrium stratification requires the pulling speed of 0.5 ps per segment. As the pulling simulation is performed in both directions, the computational cost in each segment is multiplied by 2. 180 segments are divided and each segment requires 25 nonequilibrium realizations. The resulted statistics are summarized in Table 1 , from which we notice that the nonequilibrium stratification is about 4-fold faster than umbrella sampling coupled with WHAM and vFEP. As neither the division of nonequilibrium segments nor the spacing of equilibrium umbrella windows is optimal, we would like to keep our conclusion modest. The nonequilibrium stratification scheme is of similar efficiency and accuracy with the equilibrium umbrella sampling scheme.
Another example: the A9-T9 duplex.
The minimum sampling time for converged PMF estimation from equilibrium umbrella sampling in base flipping. We test the applicability of the equilibrium and nonequilibrium procedures in another case of DNA duplex.
The system has the sequence of A9-T9 and is a bit longer than the A7-T7 system. The convergence behavior of the equilibrium sampling based PMF with vFEP reweighting is shown in Fig. 6 . This time we use 2 ns time blocks and 4 ns time blocks, according to the above discussion about the minimum sampling time required for converged estimates of the PMF in A7-T7. Compared with the A7-T7 case, A9-T9 converges a little bit slowly. The PMFs estimated from different 2 ns time blocks shown in Fig. 6a differ, which is not observed in the A7-T7 case. The PMF estimated in the first time block 0-2 ns is not equilibrated, and there are obvious differences between the other PMFs. The PMFs estimated in the last two time blocks are almost identical. Therefore, these two curves can be used as the equilibrium reference PMF. To combine the results in the 8-10 ns and 10-12 ns time blocks, we extend the length of time blocks to 4 ns and the results are shown in Fig. 6b . As is expected, the three PMFs from different 4 ns time blocks differ. The PMF estimated in the last 4 ns time block is used as the equilibrium reference PMF.
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Estimation of free energy landscape along the base flipping pathway from nonequilibrium stratification.
For the nonequilibrium stratification, the statistics are given in Fig. 7 . The statistical inefficiencies in the initial configurational sampling are shown in Fig. 7a , from which the same fluctuation as the previous case is observed. Still, the typical statistical inefficiency of the flipping dihedral is about 2 ps. In Fig. 7b , the convergence behavior of the PMF estimated from the nonequilibrium stratification is given. Still, the pulling speed of 0.5 ps per 2° segment is slow enough for converged estimates of the PMF. In Fig. 7c , the sample size dependence of the free energy landscape is given. The first 5-sample PMF differs from the later ones, but the difference is quite small. The PMF seems unchanged since the 2 nd iterations. From this phenomenon, we can conclude that the sample size required for convergence in the A9-T9 case is 15. However, to avoid exaggerating the performance of the nonequilibrium method, we still use the 25 samples as the minimum sample size to obtain converged PMF estimates. The sample size dependence of the SD profile is given in Fig. 7d , from which we notice that in the first two iterations there are fluctuations in the value of SDs and the SD in each state decreases monotonically since the 3 rd iteration. Therefore, assigning the minimum sample size for convergence as 25 is reasonable.
In this case, we again test the convergence criterion defined in Eq. (9). The results are shown in Fig. 8 . The Comparison between equilibrium umbrella sampling and nonequilibrium stratification. In Fig. 9 , the comparison between the PMF obtained from umbrella sampling with vFEP reweighting and that obtained from the nonequilibrium stratification with CE reweighting is presented. The phenomenon observed in this case is almost the same as the A7-T7 case. The curve fitting in vFEP smooth out details in the PMF, while the PMF obtained from nonequilibrium stratification and constructed with CE remains these details. The agreement between these two PMFs is very good. Thus, the applicability of the nonequilibrium stratification with CE reweighting is illustrated again.
The comparison between the efficiencies of the equilibrium and nonequilibrium methods is given in Table 2 .
Although we use the PMF obtained from the last 4 ns time block in umbrella sampling as the reference PMF, to do not exaggerate the performance of the nonequilibrium method and to do not underestimate the efficiency of the equilibrium technique, we use the length of 2 ns as the minimum sampling time for converged PMF estimates in calculate the simulation times. As has been discussed previously, the sample size for convergence in the nonequilibrium method is 25 in the A9-T9 case. The calculated sampling times for equilibrium umbrella sampling and nonequilibrium stratification are shown in Table 2 . We notice that the nonequilibrium stratification can be very 13 / 41 efficient and the difference between the efficiencies of the equilibrium umbrella sampling and the nonequilibrium stratification shows system dependence.
The A7-T7 duplex described with other force fields.
The next illustrative calculation we present here is using another force field to describe the A7-T7 duplex.
In Fig. 10a and Fig. 10b , following the first case of A7-T7 described with the OL15 combination of modifications of AMBER force field, we again present the convergence behavior of the PMF obtained from umbrella sampling simulations with vFEP and WHAM reweighting in this case. The PMFs estimated from the last 3 time blocks are very similar and thus we use the PMF estimated from the last 4 ns as the reference PMF. The sample size dependence of the PMF and the SD obtained from nonequilibrium stratification are presented in Fig. 10c and Fig. 10d , respectively. In the first several iterations, the PMF shows fluctuations and it remains unchanged since the 10 th iteration. The SDs decrease monotonically and the fluctuations are small. Therefore, the converged estimate of PMF requires about 50
samples.
The comparison between the PMF estimated from umbrella sampling with WHAM reweighting and that obtained from the nonequilibrium stratification is given in Fig. 11a . The agreement between the two free energy profiles is very good. The simulation times of the equilibrium umbrella sampling and the nonequilibrium stratification are similar to the first A7-T7 case. The efficiency comparison between the equilibrium and nonequilibrium methods is presented in Table 3 . We still use 2 ns as the minimum sampling time in each umbrella window in equilibrium umbrella sampling.
The resulted sampling times are a little different from the first case. However, the efficiency of the nonequilibrium stratification is still similar to that of the equilibrium umbrella sampling.
The A7-T7 is built again with the bsc0 force field and the results in this case are shown in Fig. S2 . The statistics are similar to the bsc1 case and thus we just briefly discuss them. From Finally, as we have the PMFs of the A4 flipping in the A7-T7 duplex described with the OL15 force field, the bsc1 force field and the bsc0 force field, we now can investigate the difference between the thermodynamics under these
Hamiltonians. In Fig. 11b , the comparison between the PMFs is presented. Among the three force fields, OL15 gives the highest free energy barrier along the base flipping pathway. The bsc1 one is lower than the OL15 one and the bsc0 one is the lowest. Thus, the base-paired state is of the highest stability under the OL15 force field, while the other two force fields give relatively less stable base-paired conformations. Which one agrees with the experimental value is unknown to us.
Likewise, the PMF of A5 flipping in A9-T9 is also compared with the two PMFs of the A4 flipping in the A7-T7 duplex in Fig. 12b . The free energy barriers under the OL15 force field for the middle A group flipping in A7-T7 and A9-T9 are almost identical. Thus, we can conclude that the free energy barrier in the flipping of the middle base does not depend on the length of the duplex. Obviously, the conclusion is valid when the middle base is far from both ends of the duplex. Otherwise, the edge effect would play a role and the stability of the base pair will change.
Conclusion
In this work, we reported a general nonequilibrium stratification method for the calculation of free energy landscapes of base flipping in duplex DNA. The free energy estimates are extracted from microscopic nonequilibrium works with the statistically optimal Crooks' Equation. The computational framework is easy to apply and has comparable accuracy and efficiency compared with equilibrium umbrella sampling coupled with WHAM and vFEP.
We further define the empirical simulation time required for converged PMF constructions for umbrella sampling and nonequilibrium pulling.
In the first case of A7-T7 with the OL15 force field, in equilibrium umbrella sampling, the empirical block length of 1 ns should be used for convergence check in PMF construction. We calculate the statistical inefficiency to dig the underlying reason for this phenomenon. It turns out that the typical autocorrelation time for the flipping dihedral is about 2 ps and thus each 1 ns block contain about 500 independent samples. The convergence criterion of ij ij O   , which is proposed previously in our multi-dimensional nonequilibrium pulling work, is tested here to determine the convergence of nonequilibrium stratification simulations in the base flipping process. The convergence behavior determined by this criterion agrees with the 1 n  dependence of state-specified SD and the time-invariant behavior of free energy landscapes. The agreement between the PMFs obtained from the equilibrium umbrella sampling and the nonequilibrium stratification proposed in the current work is very good.
In another case of A9-T9, the system is a bit larger and longer simulation time seems to be required in equilibrium umbrella sampling. The performance of the nonequilibrium method is illustrated to be comparable with the equilibrium method. The convergence criterion of agrees with the time-invariant behavior of the PMF and the monotonically decreasing of the state-specified SDs. The nonequilibrium stratification and the equilibrium umbrella sampling give almost identical estimates of the free energy profile along the base flipping pathway.
In the last case, we again simulate the A7-T7 duplex but with different force fields. With the bsc1 and the bsc0 force fields, the nonequilibrium stratification is still able to recover the free energy profile along the base flipping pathway with a similar computational cost, compared with the equilibrium umbrella sampling. The free energy profiles under different force fields are compared. The free energy barrier along the base flipping pathway is higher under the OL15 force field. Namely, the base-paired state is more stable under the OL15 force field. Comparison between the PMFs in the flipping of the middle base in A7-T7 and A9-T9 shows that the free energy barrier in the flipping of the middle base does not show a dependence on the length of the duplex.
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Supporting Information
Overlap matrix for overlap check in umbrella sampling and the convergence behavior of the free energy profiles in umbrella sampling and nonequilibrium stratification are given in the supporting information. Fig. 1 . An illustration of the nonequilibrium stratification scheme used to calculate the free energy landscape of the base flipping process. We use 2° increments in nonequilibrium stratification and bidirectional arrows represent bidirectional pulling and bidirectional reweighting of Crooks' Equation, which is used to recover the free energy differences between neighboring states from nonequilibrium work. According to the closure of the thermodynamic cycle, the free energy of 0° and that of 360° are exactly the same. At the center of the thermodynamic cycle, we present the definition of the reaction coordinate describing the base flipping process in the poly A7-T7 system. The pseudo-dihedral is defined by the four centers of mass. An illustrative picture of the flipping process is also given at the center of the thermodynamic cycle.
25 / 41 Fig. 2 . In the A7-T7 case, the convergence behavior of free energy profiles constructed from equilibrium umbrella sampling simulations. a-c) Free energy profiles constructed with the vFEP method from 0.4 ns, 1 ns and 2 ns blocks, respectively. d) Free energy profiles constructed with the WHAM method from 1 ns blocks. The legend x-y ns represents the time blocks used to compute the free energy profiles.
26 / 41 Fig. 3 . In the A7-T7 case, a) the statistical inefficiency in each state in the initial configurational sampling and the convergence behavior of free energy profiles from nonequilibrium stratification on b) the pulling 
